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Description

[0001] The present invention relates to a method for
manufacturing a magnetostrictive torque sensor device,
as well as to an electric power steering apparatus that
includes a magnetostrictive torque sensor device made
by such a manufacturing method.

[0002] An electric power steering apparatus is a sup-
porting apparatus that engages a motor to assist steering
force when the driver operates the steering wheel while
the automobile is moving. An electric power steering ap-
paratus includes a steering torque sensor for sensing
steering torque generated in a steering shaft by the han-
dling operations of the driver. In an electric power steering
apparatus, a steering torque signal outputted from the
steering torque sensor and a vehicle speed signal out-
putted from a vehicle speed sensor are used to perform
control by means of a motor drive controller and to use
PWM to drive a supporting motor that outputs auxiliary
steering force, thus reducing the steering force for the
driver.

[0003] Known conventional examples of a steering
torque sensor in an electric power steering apparatus
include a torsion bar-type torque-sensing device provid-
ed between the input and output shafts of a pinion, and
a magnetostrictive torque sensor device that uses mag-
netostrictive effects.

[0004] A known example of a sensor portion of a mag-
netostrictive torque sensor device is, e.g., a structure
wherein magnetostrictive films of Ni-Fe plating are pro-
vided at two top and bottom locations on the surface of
the steering shaft linked to the steering wheel. These two
magnetostrictive films are provided with magnetic ani-
sotropy in opposite directions and are formed over spe-
cific widths in the axial direction. When steering torque
is applied to the steering shaft, the inverse magnetostric-
tive characteristics generated based on the magnetic an-
isotropy in these two magnetostrictive films are brought
outvia an exciting coil and a sensing coil disposed around
the peripheries of the magnetostrictive films, and the
steering torque is sensed.

[0005] With reference to FIG. 17, the essential config-
uration of the sensor portion of a conventional magneto-
strictive torque sensor device will be described. The sen-
sor portion will hereinafter be referred to as "magneto-
strictive torque sensor." The magnetostrictive torque
sensor 300 includes one magnetostrictive film 302
formed around the periphery of a steering shaft 301, an-
other magnetostrictive film 303 formed at a space from
the magnetostrictive film 302, an exciting coil 304 dis-
posed in proximity to the magnetostrictive films 302, 303
and separated by an extremely small gap, and detecting
coils 306, 307 provided in a corresponding manner to the
magnetostrictive films 302, 303, respectively. An exciting
voltage supply source 305 is connected to the exciting
coil 304.

[0006] In this magnetostrictive torque sensor 300,
stress is created in the magnetostrictive films 302, 303
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when steering torque acts around the axial center of the
steering shaft 301. Magnetostrictive effects are generat-
ed in the magnetostrictive films 302, 303 in accordance
with this stress. In view of this, AC exciting voltage is
supplied from the exciting voltage supply source 305 to
the exciting coil 304, and the change in magnetic field
caused by the magnetostrictive effects of the magneto-
strictive films 302, 303 is detected by the detecting coils
306, 307 as a change inimpedance. The steering torque
applied to the steering shaft 301 is sensed based on this
change in impedance. Instead of detecting a change in
impedance, another possibility is to detect a change in
induced voltage. The following is a description of a case
in which a change in impedance is detected.

[0007] FIG. 18 is a graph showing magnetostrictive
characteristics. The horizontal axis represents steering
torque applied to the steering shaft 301, and the vertical
axis represents the change in impedance generated in
the detecting coils 306, 307 when AC exciting voltage is
applied to the exciting coil 304. The curve C110 repre-
sents the change in impedance brought out by the de-
tecting coil 306, and the curve C11 represents the change
in impedance brought out by the detecting coil 307.
[0008] In the detecting coil 306, the impedance in-
creases as the steering torque goes from negative to
positive, the impedance peaks when the steering torque
reaches the positive value T1, and the impedance de-
creases when the steering torqueis greaterthan T1. Con-
versely, in the detecting coil 307, the impedance peaks
when the steering torque reaches the negative value -T1,
and the impedance decreases when the absolute value
of the steering torque increases.

[0009] As is clear in FIG. 18, the steering torque-im-
pedance characteristics obtained in the detecting coil 306
and the steering torque-impedance characteristics ob-
tained in the detecting coil 307 form substantially convex
curves. The steering torque-impedance characteristics
(curve C110) obtained in the detecting coil 306 and the
steering torque-impedance characteristics (curve C111)
obtained in the detecting coil 307 are also symmetrical
about the vertical axis that passes through the point of
intersection between the characteristic curves. This is
because the two top and bottom locations of the magne-
tostrictive films are magnetically anisotropic in opposite
directions.

[0010] The straight line L10 represents values ob-
tained by subtracting the characteristic curve C111 de-
tected by the detecting coil 307 from the characteristic
curve C110 detected by the detecting coil 306. The value
of the straight line L10 is 0 when the steering torque is
0. The magnetostrictive torque sensor 300 outputs a sen-
sory signal corresponding to the direction and strength
of the input torque by using the area assumed to have a
substantially constant slope in the vicinity of the torque
neutral point. The characteristics of the straight line L10
can be used to sense the steering torque from the values
of the detecting coils 306, 307.

[0011] FIG. 19 shows a flowchart of a conventional
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method for manufacturing a magnetostrictive torque sen-
sor. This conventional method for manufacturing a mag-
netostrictive torque sensor includes a step for processing
a pinion at the bottom end of the steering shaft (step
S101), a step for hardening the pinion (step S102), a step
for tempering the pinion (step S103), a step for providing
the magnetostrictive films (S104), a step for providing
twisting torque (step S105), a step for heat-treating the
magnetostrictive films (step S106), a step for cooling the
magnetostrictive films (step S107), a step for canceling
the twisting torque (step S 108), and a step for performing
another heat treatment (step S109). These steps are dis-
closed in, e.g., Japanese Patent No. 3730234. In cases
in which two magnetostrictive films are provided as
shown in FIG. 17, the films are provided with magnetic
anisotropy in steps S105 through S 108.

[0012] The method for providing magnetic anisotropy
to the two magnetostrictive films 302, 303 is a method
wherein the magnetostrictive films 302, 303 are heated
by high-frequency heating while torque is applied to the
steering shaft 301, causing the magnetostrictive films
302, 303 to creep, then torque remains applied while the
steering shaft 301 and the magnetostrictive films 302,
303 are cooled to room temperature, after which the
torque is canceled. The impedance value characteristics
in relation to input steering torque in the detecting coil
306 form a substantially convex curve having a maximum
value P1 while steering torque is positive, as indicated
by the curve C110 shown in FIG. 18. The detecting coil
307 produces a substantially convex curve having a max-
imum value P2 while steering torque is negative, as in-
dicated by the curve C 111.

[0013] The values of steering torque that result in the
maximum values of the curves C110 and C111 vary de-
pending on the strength of the torque applied when ani-
sotropy is provided. As the applied torque increases, so
does the difference between the steering torques that
resultin the maximum values of the two curves C110 and
C111. For example, when the applied torque is greater
than the applied torque for obtaining the characteristic
curves C110 and C111, the characteristic curves are the
curve C210 and the curve C211. At this time, the imped-
ance value detected by the detecting coil 306 increases
as the steering torque increases, the impedance reaches
a maximum P 12 when the steering torque reaches a
positive value T2, and the impedance decreases when
the steering torque is greater than T2. The impedance
value detected by the detecting coil 307 reaches a max-
imum P22 when the steering torque reaches a negative
value -T2, and the impedance decreases when the ab-
solute value of the steering torque further increases. The
straight line L20 then represents the values obtained by
subtracting the characteristic curve C211 detected by the
detecting coil 307 from the characteristic curve C210 de-
tected by the detecting coil 306, and the slope of this
straight line is less than that of the straight line L10. The
reason for this is that the impedance characteristics have
a smaller slope at the base and less linearity. The max-

10

15

20

25

30

35

40

45

50

55

imum values P12 and P22 have a smaller slope and less
linearity than the maximum values P1 and P2 at the neu-
tral position, as shown in FIG. 18. Therefore, when the
torque applied in the presence of anisotropy is increased,
the slope of impedance outputted in relation to torque
inputted to the steering shaft is smaller than when less
torque is applied. Thus, the gain expressed by the ratio
between output values and input values decreases as
the torque applied in the presence of anisotropy increas-
es, as shown in FIG. 20. When the heating temperature
differs, the amount of anisotropy varies as does the state
of creeping in the magnetostrictive films, and the gain
varies depending on the heating temperature as shown
in FIG. 21. However, it is difficult in the manufacturing
steps to manage all heating temperatures and torques
applied to the steering shaft in the presence of anisotropy,
and manufacturing has been complicated. It has thereby
been made difficult to widely provide torque sensors that
are highly rigid, have a high degree of linearity, and have
small uniformities among individual sensors. Therefore,
in the manufacture of magnetostrictive torque sensor de-
vices including the magnetostrictive torque sensor de-
scribed above, there is a demand for a method that would
reduce nonuniformities in the gain of magnetostrictive
torque sensor devices as finished products.

[0014] According to an aspect of the presentinvention,
there is provided a method for manufacturing a magne-
tostrictive torque sensor, which method comprises the
steps of: providing a rotating shaft with magnetostrictive
parts endowed with magnetic anisotropy; disposing de-
tection coils around the magnetostrictive parts to detect
changes in magnetostrictive characteristics of the mag-
netostrictive parts; providing a detection circuit for bring-
ing out detection signals from signals outputted from the
detection coils; and adjusting a gain of a gain adjuster
included in the detection circuit.

[0015] Inaccordance with the invention, since the gain
is adjusted by the gain adjuster of the detection circuit
provided to the magnetostrictive torque sensor after the
magnetostrictive torque sensor is installed in the gear-
box, it is possible, even when there are variations in the
applied torque or heating temperature and the amount
of anisotropy or creep in the magnetostrictive films, to
reduce nonuniformities in the gain of the magnetostrictive
torque sensor output in a magnetostrictive torque sensor
device that includes a magnetostrictive torque sensor in
which the magnetostrictive films are heated while sub-
jected to torque, the torque is canceled after cooling to
create anisotropy, and detection coils detect changes in
the magnetic characteristics of the magnetostrictive
films. It is thereby possible to easily manufacture and
widely distribute superior magnetostrictive torque sensor
devices having high rigidity, good linearity, and minimal
nonuniformities among individual sensors, and to reduce
the management needed during the steps for providing
anisotropy.

[0016] Since again-setting gain adjuster for electrically
adjusting gain is provided, steps for sorting products ac-
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cording to characteristics are unnecessary, there is no
need to prepare and store the sorted products in ad-
vance, and the assembly line can be simplified. Itis there-
by made possible to inexpensively manufacture and
more widely distribute superior magnetostrictive torque
sensor devices having high rigidity, good linearity, and
minimal nonuniformities among individual sensors.
[0017] Preferably, the step of providing the magneto-
strictive parts with magnetic anisotropy comprise the
steps of: heating the rotating shaft while specific twisting
torque is applied to the rotating shaft; and providing the
magnetostrictive parts with magnetic anisotropy by can-
celing the twisting torque.

[0018] Inthis manufacturing method, itis preferred that
the gain adjustment step adjust the gain of the gain ad-
juster by means of a gain setting signal provided from
the exterior.

[0019] It is also preferred that the rotating shaft be a
steering shaft.
[0020] The gainis adjusted by means of the combined

detection coils, detection circuit, and steering shaft hav-
ing the magnetostrictive parts, whereby nonuniformities
in the gain in the detection coils and detection circuit can
be compensated and the precision of the coils and elec-
tric components can be simplified. It is thereby possible
to inexpensively manufacture and more widely distribute
superior magnetostrictive torque sensor devices having
high rigidity, good linearity, and minimal nonuniformities
among individual sensors.

[0021] According to another aspect of the present in-
vention, there is provided an electric power steering ap-
paratus which comprises: a motor for providing a steering
system with auxiliary torque; a steering torque sensor for
sensing the steering torque of the steering system; and
control means for drivably controlling the motor on the
basis of at least a steering torque signal outputted from
the steering torque sensor, wherein the steering torque
sensor comprises a magnetostrictive torque sensor de-
vice manufactured by means of a manufacturing method
which comprises the steps of: providing a steering shaft
with magnetostrictive parts endowed with magnetic ani-
sotropy; disposing detection coils around the magneto-
strictive parts to detect changes in the magnetostrictive
characteristics of the magnetostrictive parts; providing a
detection circuit for bringing out detection signals from
signals outputted from the detection coils; and adjusting
a gain of a gain adjuster included in the detection circuit.
[0022] Enhanced steering comfort can be obtained us-
ing the magnetostrictive torque sensor device manufac-
tured by means of the previously described manufactur-
ing method as a steering torque sensor of an electric
power steering apparatus.

[0023] In a preferred form, the steps for providing the
magnetostrictive parts with magnetic anisotropy com-
prises the steps of heating the steering shaft while spe-
cific twisting torque is applied to the steering shaft, and
providing the magnetostrictive parts with magnetic ani-
sotropy by canceling the twisting torque.
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[0024] Desirably, the gain adjustment step adjusts the
gain of the gain adjuster by means of gain setting means
for electrically setting the gain.

[0025] Certain preferred embodiments of the present
invention will be described in detail below, by way of ex-
ample only, with reference to the accompanying draw-
ings, in which:

FIG. 1 is a schematic view showing the general ar-
rangement of an electric power steering apparatus
according to a first embodiment of the present inven-
tion;

FIG. 2 is a schematic view showing a specific con-
figuration of the electrical system and part of the me-
chanical arrangement of the electric power steering
apparatus;

FIG. 3 is a cross-sectional view taken along line A-
A of FIG. 2;

FIG. 4 is a flowchart showing a method of manufac-
turing the magnetostrictive torque sensor;

FIG. 5 is a graph showing the application of twisting
torque Tq and the changes in temperature from a
twisting torque application step until a twisting torque
cancellation step;

FIG. 6 is a view showing a heat treatment step;
FIG. 7 is a view showing a second heat treatment
step;

FIG. 8 is a view of the step of disposing multiturn
coils and connecting a detection circuit, and the step
of installing the circuit in a gearbox;

FIG. 9 is a diagram showing a circuit arrangement
of the detection circuit;

FIG. 10 is a view showing a gain setting device as
having been set up;

FIGS. 11(a) and 11(b) are graphs showing relation-
ships of torque sensing voltage to torque before and
after a gain adjuster is adjusted and set by the gain
setting device;

FIG. 12is aview schematically illustrating the system
configuration of the electric power steering appara-
tus according to a second embodiment of the present
invention;

FIG. 13 is a schematic view illustrating an overall
configuration of the electric power steering appara-
tus according to the second embodiment;

FIG. 14 is a cross-sectional view taken along line B-
B of FIG. 13;

FIGS. 15(a) through 15(d) are views showing the
detailed configuration of a torque transmission shaft
of the electric power steering apparatus;

FIGS. 16(a) through 16(e) are views illustrating a
method for manufacturing the torque transmission
shaft and magnetostrictive films;

FIG. 17 is a schematic view of a conventional mag-
netostrictive torque sensor;

FIG. 18 is a graph showing magnetostrictive char-
acteristics;

FIG. 19 is a flowchart showing a method for manu-
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facturing a conventional magnetostrictive torque
sensor;

FIG. 20 is a graph showing a change in gain in rela-
tion to applied torque when anisotropy is provided;
and

FIG. 21 is a graph showing a change in gain in rela-
tion to heating temperature when anisotropy is pro-
vided.

[0026] Initial reference is made to FIG. 1 illustrating an
overall arrangement of an electric power steering appa-
ratus according to a first embodiment of the present in-
vention. The electric power steering apparatus 10 is con-
figured so that auxiliary steering torque is applied to a
steering shaft 12a linked to a steering wheel 11. The
steering shaft 12a is linked with a steering shaft 12b via
a flexible drive coupling 12c, the top end of the steering
shaft 12a is linked to the steering wheel 11, and a pinion
13 is attached to the bottom end of the steering shaft
12b. A rack shaft 14 is disposed on the pinion 13, pro-
viding a rack gear 14a that meshes with the pinion. A
rack and pinion mechanism 15 is formed by the pinion
13 and the rack gear 14a. Tie-rods 16 are provided at
both ends of the rack shaft 14, and front wheels 17 are
attached to the outside ends of the tie-rods 16.

[0027] A motor 19 is provided to the steering shaft 12b
via a power transmission mechanism 18. The power
transmission mechanism 18 is formed by a worm gear
18a and a worm wheel 18b. The motor 19 outputs rota-
tional force (torque) that assists the steering torque, and
this rotational force is applied to the steering shafts 12b
and 12a via the power transmission mechanism 18.
[0028] A steering torque sensor 20 is provided to the
steering shaft 12b. The steering torque sensor 20 senses
the steering torque applied to the steering shafts 12a and
12b when steering torque generated by the driver’s op-
eration of the steering wheel 11 is applied to the steering
shafts 12a and 12b. Reference numeral 21 denotes a
vehicle speed sensorfor sensing the speed of the vehicle,
while reference numeral 22 denotes a control device con-
figured from a computer. The control device 22 receives
a steering torque signal T outputted from the steering
torque sensor 20 and a vehicle speed signal V outputted
from the steering angle sensor 21, and outputs a drive
control signal SG1 for controlling the rotating action of
the motor 19 on the basis of information pertaining to the
steering torque and information pertaining to the vehicle
speed. The aforementioned rack and pinion mechanism
15 and other components are housed within a gearbox
24 (not shown in FIG. 1, see FIGS. 2 and 3).

[0029] Theelectric powersteeringapparatus 10is con-
figured by adding the steering torque sensor 20, the
steering angle sensor 21, the control device 22, the motor
19, and the power transmission mechanism 18 to a com-
mon apparatus configuration for a steering system.
[0030] When the driver operates the steering wheel 11
to steer the traveling direction of the automotive vehicle
while moving, rotational force based on the steering
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torque applied to the steering shafts 12a and 12b is con-
verted by the rack and pinion mechanism 15 into linear
movement in the axial direction of the rack shaft 14, and
force is exerted to change the traveling direction of the
front wheels 17 via the tie-rods 16. At this time, the steer-
ing torque sensor 20 provided to the steering shaft 12b
simultaneously senses the steering torque correspond-
ing to the steering of the driver in the steering wheel 11
and converts the torque into an electrical steering torque
signal T, then outputs this steering torque signal T to the
control device 22. The vehicle speed sensor 21 senses
the speed of the vehicle and converts the speed into a
vehicle speed signal V, then outputs this vehicle speed
signal V to the control device 22.

[0031] The control device 22 generates a motor elec-
tric current for driving the motor 19 on the basis of the
steering torque signal T and the vehicle speed signal V.
The motor 19 driven by the motor electric current applies
auxiliary steering force to the steering shafts 12band 12a
via the power transmission mechanism 18. The driving
of the motor 19 as described above reduces the steering
force applied by the driver to the steering wheel 11.
[0032] FIG. 2 shows the specific configuration of the
electric system and part of the mechanical mechanisms
of the electric power steering apparatus 10. The left and
right ends of the rack shaft 14 are shown in cross section.
The rack shaft 14 is housed within a cylindrical housing
31 disposed in the vehicle width direction (to the left and
right in FIG. 2), and is capable of sliding in the axial di-
rection. Ball joints 32 are joined by threading to both ends
oftherack shaft 14 protruding from the cylindrical housing
31, and the left and right tie-rods 16 are linked to these
ball joints 32. The housing 31 includes brackets 33 for
attaching the housing to the vehicle frame (not shown),
and also includes stoppers 34 at both ends.

[0033] The reference numeral 35 denotes an ignition
switch, the reference numeral 36 indicates a vehicle bat-
tery, and the reference numeral 37 indicates an alternat-
ing-current generator (ACG) provided to the vehicle en-
gine. The AC generator 37 initiates electricity generation
with the operation of the vehicle engine. The necessary
electric power is supplied to the control device 22 from
either the battery 36 or the AC generator 37. The control
device 22 is provided to the motor 19. The reference nu-
merals 38 denote rack ends that come into contact with
the stoppers 34 when the rack shaft moves, and the ref-
erence numerals 39 denote dust sealing boots for pro-
tecting the interior of the gearbox from water, mud, dust,
and the like.

[0034] FIG. 3 is a cross-sectional view along the line
A-A in FIG. 2. FIG. 3 shows the specific configurations
of the supporting structure of the steering shaft 12b, the
steering torque sensor 20, the power transmission mech-
anism 18, and the rack and pinion mechanism 15.
[0035] The steering shaft 12b is rotatably supported
by two bearings 41 and 42 within a housing 24a that
forms the gearbox 24. The rack and pinion mechanism
15 and the power transmission mechanism 18 are
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housed in the interior of the housing 24a, and the steering
torque sensor 20 is also provided at the top. Magneto-
strictive films 20u and 20d are formed on the steering
shaft 12b, and coils 20r, 20s, 20r’, and 20s’ are provided
to these films and are enclosed by yoke parts 20y.
[0036] The top opening of the housing 24a is closed
off by a lid 43, and the lid 43 is fastened with bolts. The
pinion 13 provided at the bottom end of the steering shaft
12b is positioned between the bearings 41 and 42. The
rack shaft 14 is guided by a rack guide 45, and is urged
by a compressed spring 46 and pressed into the pinion
13. The power transmission mechanism 18 is formed by
the worm gear 18a fastened to a transmission shaft 48
joined to the output shaft of the motor 19, and the worm
wheel 18b fastened to the steering shaft 12b. The steer-
ing torque sensor 20 is attached to the lid 43.

[0037] The steering torque sensor 20 is configured
from the magnetostrictive films 20u and 20d provided at
two locations on the periphery of the steering shaft 12b
composed ofiron or another such ferromagnetic material,
as well as the coils 20r and 20r’ for detecting changes in
the magnetization of the magnetostrictive films 20u and
20d, and the coils 20s and 20s’ used as resistance, as
shown in FIG. 3.

[0038] The yoke parts 20y are provided around the ex-
ternal peripheries of the coils 20r and 20r’ and the coils
20s and 20s’. The steering torque sensor 20 is provided
inside the steering/gearbox 24, and the sensor senses
the steering torque applied to the steering shaft 12b. The
sensed value is inputted to the control device 22 and is
supplied to the motor 19 as a reference signal for gen-
erating appropriate auxiliary steering torque. The symbol
20x denotes a detection circuit.

[0039] The steering torque sensor 20 used herein is
configured from a magnetostrictive torque sensor device.
The device comprises a magnetostrictive torque sensor
20A composed of the magnetostrictive films of the steer-
ing shaft 12b and the multiturn coils around the periph-
eries thereof, and a detection circuit 20u for bringing out
detection signals from the signals outputted from the de-
tection coils.

[0040] As shownin FIG. 3, magnetostrictive films pro-
vided with magnetic anisotropy by forming, e.g., Ni-Fe
plating on the surface of the steering shaft 12b are pro-
vided at two top and bottom locations (20u and 20d) over
specific axial widths so as to be anisotropic in opposite
directions, and the inverse magnetostrictive characteris-
tics generated when steering torque is applied to the
magnetostrictive films 20u and 20d are detected using
the AC resistance and other attributes of the coils 20s
and 20s’ disposed around the magnetostrictive films 20u
and 20d.

[0041] The control device 22 of the electric power
steering apparatus 10 uses the steering torque signal T
from the steering torque sensor 20 and the vehicle speed
signal V from the vehicle speed sensor 21, and uses
PWM to drive the supporting motor 19 that outputs aux-
iliary steering force, thus reducing the steering force for
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the driver.

[0042] The method for manufacturing a magnetostric-
tive torque sensor device according to the present inven-
tion is described with reference to FIG. 4. FIG. 4 is a
flowchart showing the method for manufacturing a mag-
netostrictive torque sensor device. The process of the
method for manufacturing a magnetostrictive torque sen-
sor device includes a step for processing a pinion at the
bottom end of the steering shaft (step S11), a step for
hardening the pinion (step S12), a step for adding the
magnetostrictive films (step S13), a step for applying
twisting torque (step S14), a step for heat-treating the
magnetostrictive films (step S15), a step for cooling the
magnetostrictive films (step S16), a step for canceling
the twisting torque (step S17), a step for performing an-
other heat treatment (step S18), a step for disposing mul-
titurn coils and connecting a detection circuit (step S19),
a step for installing the rotating shaft in the gearbox (step
S20), and a step for adjusting the gain by means of a
gain adjuster provided to the detection circuit (step S21).
[0043] The steps are described hereinbelow.

[0044] Step S11:

The pinion 13 is processed at the bottom end of the
steering shaft 12b.

[0045] Step S12:

The pinion 13 is hardened.

[0046] Step S13:
The magnetostrictive films 20u and 20d are plated
over the steering shaft 12b. The plating process is
performed using a magnetostrictive material having
a specific thickness (for example, 30 um).

[0047] Step S14:
After the plating process, twisting torque Tq is ap-
plied (counterclockwise at the top of the steering
shaft 12b and clockwise at the bottom) to create
stress in the peripheral surface of the steering shaft
12b. The twisting torque Tq applied is a greater twist-
ing torque Tq than the twisting torque Tq applied in
conventional manufacturing. For example, the twist-
ing torque Tq in conventional practice is 70 N-m,
whereas a twisting torque Tq of 75 N-m is applied in
this case.

[0048] Step 15:

While this twisting torque Tqg remains applied, the

periphery of the magnetostrictive film 20u is encir-

cled with a coil, a high-frequency electric current is

fed to the coil, and the magnetostrictive film 20u is

heat-treated.
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[0049] Step S16:

After the heat treatment, the film is cooled naturally.

[0050] Step S17:
After cooling, the twisting torque Tq is canceled. The
pre-load torque (twisting torque remaining in the
steering shaft 12b) is about -60 N-m.
[0051] Step S18:
After the twisting torque Tq is canceled, another heat
treatment is performed. In this second heat treat-
ment, the heat treatment is performed for two hours
at a temperature, e.g., 200°C, equal to or greater
than the service temperature of the conditions in
which the steering torque sensor 20 is used. The
preload torque herein is about -55 N-m.
[0052] Step S19:
After the second heat treatment, multiturn coils are
disposed at positions corresponding to the magne-
tostrictive films 20u and 20d and are connected to
the detection circuit.
Only the magnetostrictive film 20u is described here-
in, but the magnetostrictive film 20d is also provided
with magnetic anisotropy through the steps S14
through S17. However, the twisting torque directions
are mutually different.

[0053] Step S20:

The rotating shaft is installed in the gearbox.

[0054] Step S21:
The gain of the detection circuitis adjusted by means
of the gain adjuster provided to the detection circuit.

[0055] FIG. 5 is a graph showing the extent of applied
twisting torque (Tq) and the change in temperature (Tp)
from the twisting torque application step (step S14) to
the twisting torque cancellation step (step S17). The solid
line (Tq) having the shape of a step represents the extent
of applied twisting torque, and the dashed line Tp repre-
sents the change in temperature.

[0056] FIG. 6is a view showing the steering shaft 12b
in the magnetostrictive film heat treatment step (step
S15). A twisting torque (Tq) of 75 N-m, for example, is
applied as shown by the arrows to the top and bottom
ends of the steering shaft 12b, and a heating coil 50 is
heated by feeding a high-frequency electric current. This
heat treatment is performed by disposing the coil 50
around the magnetostrictive film 20u at a heat-treated
position as shown in FIG. 6, and by feeding a high-fre-
quency electric current of 500 KHz to 2 MHz, for example,
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over a time tu of 1 to 10 seconds. The temperature is
thereby brought to 300°C after fu seconds. The coil 50
is also used to heat the magnetostrictive film 20d in the
same manner as the magnetostrictive film 20u. Heating
is stopped at this point, or, in other words, the electric
current supply is stopped, and the films are cooled (step
S16). When the temperature falls to a specific tempera-
ture (for example, after fe seconds), the twisting torque
Tq is canceled (step S17).

[0057] FIG. 7 is a view showing the steering shaft 12b
in the second heat treatment step (step S18). A high-
frequency electric current is fed to the two coils 50 and
51 to heat the steering shaft 12b. This heat treatment is
performed by disposing the coils 50 and 51 around the
magnetostrictive films 20u and 20d and the pinion 13 at
heat-treated positions, as showninFIG. 7, and by feeding
a high-frequency electric current of 500 KHz to 2 MHz,
for example, to the coils 50 and 51 for several minutes.
The electric current is adjusted so that the temperature
herein is 200°C.

[0058] FIG. 8 shows the step (step S19) for disposing
the multiturn coils at positions corresponding to the dis-
posed positions of the magnetostrictive films 20u and
20d on the steering shaft 12b after the second heat treat-
ment, and also shows step S20 wherein the steering shaft
12b is installed in the gearbox 24. First, the lid 43 is dis-
posed so that the coils 20r, 20s, 20r’, and 20s’, which are
multiturn coils, are disposed at positions encircling the
magnetostrictive films 20u and 20d on the steering shaft
12b. The bearings 41 and 42 are then used to dispose
the steering shaft 12b on the housing that forms the gear-
box 24.

[0059] FIG.9isaview showing the circuit configuration
of a detection circuit 20x attached to the magnetostrictive
torque sensor 20A.

[0060] In the magnetostrictive torque sensor 20A, the
magnetostrictive films 20u and 20d are deposited at two
locations on the steering shaft 12b so as to be inversely
magnetically anisotropic. When torque is applied to the
steering shaft 12b, the magnetostrictive films 20u and
20d act as magnetic characteristic-varying parts whose
magnetic characteristics vary according to the torque. In
this circuit, the coils 20r and 20s are provided around
the peripheries of the magnetostrictive films 20u and 20d,
and these coils detect the change in magnetization in the
magnetostrictive films as a change in impedance when
torque is applied to the steering shaft 12b. The coil ele-
ments 20r and 20s’ are connected in series to the coils
20r’ and 20s so that an electric circuit is formed. An ex-
citation circuit 52 is also included, and the circuit is con-
figured from switching elements (not shown) for applying
voltage in specific cycles respectively to the two series
circuits formed by the coils and the elements, and from
a constant-voltage source (not shown) connected there-
to.

[0061] Detection terminals 53 and 54 are provided at
the connection between the coils 20r and 20r’ and at the
connection between the coils 20s and 20s’ in order to
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detect changes in voltage at both ends of the coils 20r
and 20s. The detection circuit 20x includes two inverting
rectifiers 63 and 64 for inverting and rectifying the voltage
changes outputted from the two detection terminals 53
and 54 and for outputting DC voltages, and amplifiers 65
and 66 for amplifying the DC voltages outputted from the
inverting rectifiers. The detection circuit 20x also includes
a gain adjuster 67 for multiplying the outputs from the
two amplifiers 65 and 66 by the set gain and outputting
the result. The gain adjuster 67 is preferably configured
from a CPU, and the gain adjustment function is prefer-
ably implemented by software. The detection circuit 20x
furthermore includes a calculator 68 for calculating the
difference between the two DC voltages outputted from
the gain adjuster 67.

[0062] Next, the operation of the steering torque sen-
sor 20 configured as described above will be described.
The switching elements (not shown) included in the ex-
citation circuit 52 are repeatedly turned on and off in spe-
cific cycles, and the steering torque is detected.

[0063] When the switching elements are turned onand
off, an electric current is fed to the circuit containing the
coils (resistance) 20r’ and 20s’ and the coils 20r and 20s,
and a change in voltage occurs at the terminals 53 and
54. The inductance of the coils at this time is L(w). DC
voltages are outputted from the inverting rectifiers 63 and
64. The output voltages have values that differ depending
on the difference in inductance L(p). The inductance L
(i) depends on the magnetic permeability . of the mag-
netostrictive films, and since the magnetic permeability
W is varied by applying torque to the magnetostrictive
films, the steering torque can be sensed by measuring
the voltage.

[0064] The amplifiers 65 and 66 amplify the inputted
DC voltages and pass the voltages on to the gain adjuster
67. The gain adjuster 67 multiplies the inputted DC volt-
ages by a preset gain and outputs the results as VT1 and
VT2. The calculator 68 at the next stage outputs VT3,
which is the difference between VT1and VT2. The torque
can be sensed with minimal nonuniformities in gain by
adjusting the gain adjuster 67 after the steering shaft 12b
is installed in the gearbox 24.

[0065] FIG. 10 shows the configuration of the device
for setting the gainwhen the gainis setin the gain adjuster
67. FIG. 10 is a view of a gain-setting device 70 having
been setup after the steering wheel 11 has been attached
to the steering shaft 12b of the electric power steering
apparatus 10 shown in FIG. 2. The gain-setting device
70 is configured from a steering torque measurement
amplifier 71, atorque signal monitor 72, and a gain setting
writing device 73. The steering torque measurement am-
plifier 71 measures the steering torque from the steering
wheel 11 of the electric power steering apparatus 10, and
amplifies the measured value and outputs the result to
the torque signal monitor 72. The torque signal monitor
72 monitors the signals from the steering torque meas-
urement amplifier 71 and the signals VT1, VT2, and VT3
from the magnetostrictive torque sensor device 20. The
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gain setting writing device 73 adjusts and sets the gain
of the gain adjuster 67 on the basis of the signals from
the steering torque measurement amplifier 71 and the
signals from the magnetostrictive torque sensor device
20, which are monitored by the torque signal monitor 72.
[0066] The gain is set in the following manner. Using
the gain-setting device 70 shown in FIG. 10, the output
from the steering torque sensor 20 and the output from
the steering torque measurement amplifier 71 are shown
on the torque signal monitor 72. Next, the reference gain
outputted by the steering torque measurement amplifier
71 and the output gain of the magnetostrictive torque
sensor device 20 are compared, and the gain ratio is
calculated to obtain a torque sensor gain adjustment val-
ue. Next, the gain setting writing device 73 is used to
write the torque sensor gain adjustment value into the
gain adjuster 67 of the detection circuit 20x. The gain
adjuster 67 outputs a gain adjustment value signal, and
the control device 22 performs control on the basis of the
gain adjustment value signal and the torque signal VT3.
[0067] FIG. 11 is a graph showing the relationship of
torque sensing voltage to torque (steering torque) before
and after the gain-setting device 70 adjusts and sets the
gain adjuster 67. FIG. 11(a) shows the relationship of
torque-torque sensing voltage before the gain is adjusted
and set, and FIG. 11(b) shows the relationship of torque-
torque sensing voltage after the gain is adjusted and set.
The gain setting writing device 73 adjusts and sets the
gain in the gain adjuster 67 so that the two relationships
(line L80 and line L81) between torque and the torque
sensor signals VT1 and VT2 are within the setting ranges
R80 and R81, respectively, shown in FIG. 11(a). FIG. 11
(b) is a graph showing the relationship between the
torque and the torque sensing voltage after the gain is
adjusted and set. Since these relationships are bilaterally
symmetric after the gain is adjusted and set as shown in
FIG. 11(b), only the right torque need be viewed. Adjust-
ing and setting the gain in this manner makes it possible
to obtain a relationship between torque and torque sens-
ing voltage such as the one shown in FIG. 11(b). This is
because the gain is set in relation to the torque values
even when the gain is varied by the nonuniformities in
applied torque during the application of anisotropy to the
magnetostrictive films.

[0068] Thus, the method for manufacturing the mag-
netostrictive torque sensor device 20 of the present in-
vention produces less nonuniformity than when a single
magnetostrictive torque sensor is adjusted. Also, error
elements brought about by the gearbox 24 (for example,
deviation to the left or right due to meshing of the gears)
occurwhen the magnetostrictive torque sensoris actually
installed in a vehicle, even if the single sensor is perfectly
adjusted. Consequently, high-precision adjustments that
include these elements can be made by adjusting the
gain after [the device] has been installed in the gearbox
24. As aresult, itis possible to provide a magnetostrictive
torque sensor device that has sufficiently high detection
precision.
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[0069] FIG. 12isaschematic view of the electric power
steering apparatus according to the second embodiment
of the present invention.

[0070] An electric power steering apparatus 110 is
composed of a steering system 120 that extends from a
steering wheel 121 of a vehicle to steered wheels (e.g.,
front wheels) 131, 131 of the vehicle, and an auxiliary
torque mechanism 140 for applying auxiliary torque to
the steering system 120.

[0071] The steering system 120 has a configuration
wherein a torque transmission shaft 124 is linked to the
steering wheel 121 via a steering shaft 122 and flexible
drive couplings 123, 123, a rack shaft 126 is linked to the
torque transmission shaft 124 via arack and pinion mech-
anism 125, and left and right steered wheels 131 are
linked to the ends of the rack shaft 126 via ball joints 127,
tie-rods 128, and knuckles 129.

[0072] The rack and pinion mechanism 125 is com-
posed of a pinion 132 provided to the torque transmission
shaft 124, and a rack 133 formed on the rack shaft 126.
[0073] The driver steers the steering wheel 121,
whereby the left and right steered wheels 131, 131 can
be steered with the aid of the steering torque via the rack
and pinion mechanism 125, the rack shaft 126, and the
tie-rods 128, 128.

[0074] Thus, in the electric power steering apparatus
110, the steering torque corresponding to the steering of
the steering wheel 121 is transmitted to the rack shaft
126 via the rack and pinion mechanism 125, whereby
the steered wheels 131, 131 are steered via the rack
shaft 126.

[0075] The auxiliary torque mechanism 140 is a mech-
anism wherein the steering torque of the steering system
120 applied to the steering wheel 121 is sensed by a
magnetostrictive torque sensor device 141, a control sig-
nal is generated by a controller 142 on the basis of a
steering torque sensory signal, an electric motor 143 gen-
erates auxiliary torque (motor torque) corresponding to
the steering torque on the basis of this control signal, and
the auxiliary torque is transmitted to the rack shaft 126
via a ball screw 144.

[0076] A motor shaft 143a of the electric motor 143 is
a hollow shaft enclosing the rack shaft 126. The ball
screw 144 is a power transmission mechanism com-
posed of a thread 145 formed on the portion of the rack
shaft 126 other than the rack 133, a nut 146 threaded
over the thread 145, and a large number of balls (not
shown). The nut 146 couples with the motor shaft 143a.
[0077] In this electric power steering apparatus 110,
the steering torque transmitted to the torque transmission
shaft 124 can be sensed by the magnetostrictive torque
sensor device 141, and the steering torque for steering
the steering wheel 121 can be transmitted to the rack
shaft 126 via the torque transmission shaft 124 and the
rack and pinion mechanism 125. The rack shaft 126 can
then steer the steered wheels 131, 131 by means of the
composite torque resulting from the addition of the aux-
iliary torque of the electric motor 143 to the steering
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torque of the driver.

[0078] FIG. 13 is an overall structural view of a partial
cross section of the electric power steering apparatus
according to the second embodiment, wherein the left
and right ends are shown in cross section. FIG. 14 is a
cross-sectional view along the line B-B in FIG. 13.
[0079] As shown in FIGS. 13. and 14, in the electric
power steering apparatus 110, the torque transmission
shaft 124, the rack and pinion mechanism 125, the elec-
tric motor 143, the ball screw 144, and the magnetostric-
tive torque sensor device 141 are housed within a hous-
ing 151 extending in the vehicle width direction (to the
left and right in FIG. 13).

[0080] The housing 151 is attachedto along, thingear-
box by using bolts to fasten together the end surfaces of
a roughly tubular first housing 152 and second housing
153. The second housing 153 doubles as a motor case
for the electric motor 143.

[0081] The first housing 152 is closed off at the top
opening by a lid 154, and the top end, longitudinal center,
and bottom end of the torque transmission shaft 124 are
rotatably supported via three top, middle, and bottom
bearings 155 through 157, whereby the first housing is
set longitudinally. The first housing also includes a rack
guide 158.

[0082] The rack guide 158 regulates the movement of
the rack shaft 126 in the longitudinal direction of the
torque transmission shaft 124 as well as regulating the
movement of the rack shaft 126 in the direction in which
the meshing of the pinion 132 and rack 133 separates.
The rack guide can also slidably support the rack shaft
126 in the axial direction.

[0083] Next, the details of the torque transmission
shaft 124 will be described based on FIGS. 14 and 15.
[0084] FIGS. 15(a) through 15(d) are structural views
of the torque transmission shaft according to the present
invention, wherein FIG. 15(a) shows an exploded struc-
ture of the torque transmission shaft 124, FIG. 15(b)
shows a cross-sectional structure of the assembled
torque transmission shaft 124, FIG. 15(c) shows a cross-
sectional structure along the line C-C in FIG. 15(b), and
FIG. 15(d) shows an external view of the assembled
torque transmission shaft 124.

[0085] The torque transmission shaft 124 is composed
of a torque-side shaft 161 and a pinion shaft 162 aligned
coaxially, and this torque-side shaft 161 and pinion shaft
162 are configured from separate members that are fitted
and linked together.

[0086] The torque-side shaft 161 and pinion shaft 162
are composed of, e.g., iron and steel (including nickel-
chrome-molybdenum steel) or another such ferromag-
netic material, i.e., a magnetic material.

[0087] The torque-side shaft 161 is composed of a fit-
ting hole (hollow part) 165 as well as a cylindrical shaft
(hollow shaft) having a substantially hexagonal flange
161a at one end, and the torque-side shaft has two pin
holes 166, 166 that pass through the fitting hole 165 at
a direction orthogonal to the axis. The fitting hole 165 is
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a through-hole that has a square-shaped or other such
polygonal cross section, and that is formed in the center
of the torque-side shaft 161 that has a circular cross sec-
tion, as shown in FIG. 15(c). The two pin holes 166, 166
are disposed in proximity to the ends of the torque-side
shaft 161.

[0088] The pinion shaft (operating shaft) 162 is a solid
shaft wherein a supported part 162c, a pinion 132, a jig
catch 162b, a flange 162a, a supported part 169, and a
fitting shaft 163 are aligned in this sequence from one
end to the other and are formed integrally. These mem-
bers 132, 162a, 162b, 162c, 163, and 169 are aligned
coaxially with the pinion shaft 162. The supported part
162c at the bottom end is supported by the lowest bearing
157, and the supported part 169 is supported by the mid-
dle bearing 156, as shown in FIG. 14.

[0089] More specifically, the pinion shaft 162 includes
the pinion 132 formed at one end, the long and thin small-
diameter fitting shaft 163 extending from the other end
surface towards the fitting hole 165, the supported part
169 formed on the external peripheral surface between
the pinion 132 and the proximal end of the fitting shaft
163, and the substantially circular flange 162a and jig
catch 162b formed between the pinion 132 and the sup-
ported part 169. The jig catch 162b is a portion that catch-
es on a jig, which is described later.

[0090] The fitting shaft 163 is longer than the entire
torque-side shaft 161 and passes through the fitting hole
165. Thefitting shaft also has a linking part 168 for linking
to the flexible drive coupling 123 at the distal end pro-
truding from the fitting hole 165. The linking part 168 may,
for example, be composed of serrations.

[0091] Furthermore, the fitting shaft 163 has two fitting
ridges 163a, 163a formed in proximity to the ends in the
longitudinal direction, and a jig catch 163b formed be-
tween one fitting ridge 163a and the linking part 168. The
jig catch 163b is a portion that catches on a jig, which is
described later.

[0092] The fitting ridges 163a, 163a are ring-shaped
members that have the same shapes in cross section as
the fitting hole 165 as shown in FIG. 15(c). The fitting
ridges protrude so as to encircle the external periphery
of the fitting shaft 163, and the ridges have pin holes 164,
164 that pass through in a direction orthogonal to the
respective axes. The positions of the pin holes 164, 164
in the fitting ridges 163a, 163a are designed to coincide
respectively with pin holes 166, 166 in the torque-side
shaft 161. The diameter of the fitting hole 165 is designed
to be smaller than the diameter of the supported part 169.
[0093] The process of assembling the torque transmis-
sion shaft 124 is as follows.

[0094] First, bottom holes that are slightly smaller in
diameter than the pin holes 166, 166 are formed in the
torque-side shaft 161 at the positions of the pin holes
166, 166. Neither the pin holes 164, 164 nor bottom holes
thereof are formed in the pinion shaft 162 at this point.
[0095] Next, while the torque transmission shaft 124
is still disassembled, the bearing 156 (see FIG. 14) is
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fitted in the supported part 169 of the pinion shaft 162,
and the inner race of the bearing 156 is brought into con-
tact with the end surface of the flange 162a. The bearing
156 can thereby be fitted in and attached to the pinion
shaft 162.

[0096] Next, the fitting shaft 163 is press-fitted into the
fitting hole 165, and the two flanges 161a and 162a sand-
wich the bearing 156.

[0097] Next, the top pin holes 164 and 166 and the
bottom pin holes 164, and 166 are formed through the
fitting shaft 163 at the position of the bottom hole of the
torque-side shaft 161.

[0098] Next, pins 167, 167 are inserted through the pin
holes 164, 164, 166, 166. As a result, the torque-side
shaft 161 and the pinion shaft 162 can be integrally linked
together by means of the pins 167, 167 and can be as-
sembled in a single torque transmission shaft 124, as
shown in FIGS. 15(b) and 15(c). The operation of assem-
bling the torque transmission shaft 124 is thereby com-
plete.

[0099] The torque-side shaft 161 and the pinion shaft
162 regulate each other’s relative rotation and axial
movement.

[0100] As is clear from the above description, the
torque-side shaft 161 is composed of a hollow shaft, and
the pinion shaft 162 is composed of a solid shaft that fits
into the hollow shaft. It is preferable that the pinion shaft
162 be a hollow shaft rather than a solid shaft in order to
reduce weight.

[0101] The cross-sectional shapes of the fitting hole
165 and the fitting ridges 163a, 163a are not limited to
polygonal cross sections and may also be circular cross
sections. Circular cross sections are easier to manufac-
ture and result in easier management of fitting precision
and easier fitting.

[0102] The steering torque transmitted from the steer-
ing wheel 121 (see FIG. 12) to the pinion shaft 162 via
the linking part 168 is also transmitted from the pinion
shaft 162 to the torque-side shaft 161 via the pins 167,
167.

[0103] Next, the details of the magnetostrictive torque
sensor device 141 will be described based on FIGS. 14,
15(a), 15(b), and 16.

[0104] In the magnetostrictive torque sensor device
141, the surface of the torque transmission shaft 124 on
which torque acts from the exterior is provided with mag-
netostrictive films 171 and 172 composed of plating lay-
ers whose magnetostrictive characteristics vary accord-
ing to torque, and a detector 173 for electrically detecting
the magnetostrictive effects occurring in the magneto-
strictive films 171 and 172 is provided around the periph-
eries of the magnetostrictive films 171 and 172.

[0105] More specifically, the torque-side shaft 161 has
magnetostrictive films 171 and 172 of mostly constant
widths that are disposed at a mostly constant distance
diapart from each other in the axial longitudinal direction,
and that are formed around the entire periphery at two
locations on the external peripheral surface. The direc-
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tions of magnetostriction in the magnetostrictive films 171
and 172 are opposite from each other. Naturally, the sur-
face of the torque-side shaft 161 has a non-magneto-
strictive part 179 between the first magnetostrictive film
171 and the second magnetostrictive film 172, where
there are no magnetostrictive films at all. The two mag-
netostrictive films 171 and 172 may also be one contin-
uous magnetostrictive film.

[0106] The magnetostrictive films 171 and 172 are
films composed of a material whose magnetic flux density
varies greatly during variation in strain. For example, the
films may be composed of an Ni-Fe-based alloy formed
by vapor plating on the external peripheral surface of the
torque-side shaft 161. The alloy film preferably has a
thickness of about 5 to 20 um. The alloy film may, how-
ever, have a thickness less or greater than this. The di-
rection of magnetostriction of the second magnetostric-
tive film 172 differs from the direction of magnetostriction
of the first magnetostrictive film 171. The two magneto-
strictive films 171 and 172 have different magnetostric-
tive anisotropies.

[0107] Incasesinwhich the Ni-Fe-based alloy film has
a Ni content of approximately 20 wt% or approximately
50 wt%, the magnetostrictive effects tend to increase be-
cause of the higher magnetostriction constant, and it is
preferable to use a material having such a Ni content.
For example, a material that has a Ni content of 50 to 60
wt%, with the balance being Fe, is used as the Ni-Fe-
based alloy film. The magnetostrictive films 171 and 172
may also be ferromagnetic films, or films of Permalloy
(Ni: about 78 wt%, Fe: remainder) or Supermalloy (Ni:
78 wt%, Mo: 5wt%, Fe: remainder). The symbol Ni refers
to nickel, the symbol Fe refers to iron, and the symbol
Mo refers to molybdenum.

[0108] The detecting coil 173 is composed of cylindri-
cal coil bobbins 174 and 175 through which the torque-
side shaft 161 passes, a first multilayered solenoidal coil
176 and a second multilayered solenoidal coil 177 wound
around the coil bobbins 174 and 175, and a magnetic
shielding back yoke 178 surrounding the peripheries of
the firstand second multilayered solenoidal coils 176 and
177, as shown in FIG. 14.

[0109] The first and second multilayered solenoidal
coils 176 and 177 are detection coils. Hereinbelow, the
first multilayered solenoidal coil 176 is referred to instead
as a first detection coil 176, and the second multilayered
solenoidal coil 177 is referred to instead as a second
detection coil 177.

[0110] Torsion occurring in the torque-side shaft 161
in accordance with steering torque can be magnetically
detected by the first and second detection coils 176 and
177.

[0111] The following is a description of the method for
manufacturing the magnetostrictive torque sensor 141,
and particularly of the method for manufacturing the
torque transmission shaft 124 and the magnetostrictive
films 171 and 172 having the configuration described
above.

10

15

20

25

30

35

40

45

50

55

11

20

[0112] Hereinbelow, the torque-side shaft 161 is ap-
propriately referred to as the "hollow shaft 161," and the
pinion shaft 162 is appropriately referred to as the "solid
shaft 162," the "operating shaft 162," or the "rotating shaft
162"

[0113] The method for manufacturing the torque trans-
mission shaft 124 and the magnetostrictive films 171 and
172 follows the steps in FIG. 15 and the subsequent FIG.
16. FIGS. 16(a) through 16(e) show the method for man-
ufacturing the torque transmission shaft and the magne-
tostrictive films. The bearing 156 (see FIG. 14) is omitted
from FIG. 16.

[0114] First, two members are prepared that will serve
as parts of the torque transmission shaft 124, which are
the hollow shaft 161 that has the magnetostrictive films
171 and 172 formed on the external peripheral surface,
and the solid shaft 162 fitted inside the hollow shaft 161,
as shown in FIG. 15(a) (shaft preparation step).

[0115] Next, the solid shaft 162 is pressed into the hol-
low shaft 161, and these two shafts are linked together
by the pins 167, 167, as shown in FIGS. 15(b) and 15(c)
(shaft linking step). As a result, the torque transmission
shaft 124 shown in FIG. 15(d) can be manufactured.
[0116] Next, the magnetostrictive films 171 and 172
are heat-treated for a pre-set amount of time, e.g., for 3
seconds or longer, while a pre-set constant torque is ap-
plied to at least one of the hollow shaft 161 and the solid
shaft 162 (external force application step and heat treat-
ment step).

[0117] Specifically, first, a first jig 201 catches on the
jig catch 162b (or on both the jig catch 162b and the
flange 162a) at one end of the solid shaft 162, as shown
in FIG. 16(a).

[0118] A second jig 202 catches on the jig catch 163b
(or on both the jig catch 163b and the linking part 168)
at the other end of the solid shaft 162.

[0119] Next, a heating device, e.g., a high-frequency
hardening device 203 is set on the first magnetostrictive
film 171, as shown in FIG. 16(b). The high-frequency
hardening device 203 is composed of a heating coil 204
that surrounds the periphery of the first magnetostrictive
film 171, and a power source device 205 for supplying
high-frequency AC electric power to the heating coil 204.
[0120] Next, the second jig 202 is twisted clockwise
R1 in the diagram, and the first jig 201 is twisted coun-
terclockwise R2 in the opposite direction of the second
jig 202 in the diagram. Thus, a pre-set forward torque is
applied to the solid shaft 162. The strength of this torque
is preferably about 30 to 100 Nm. The torque may also
be greater than this.

[0121] Since the hollow shaft 161 is configured so that
its rotation relative to the solid shaft 162 is regulated, the
preset forward torque can also be applied to the hollow
shaft 161 (external force application step). As a result,
forward torque is also applied to the first magnetostrictive
film 171.

[0122] Next, while the first and second jigs 201 and
202 are used to apply torque, the first magnetostrictive
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film 171 (particularly the surface and surface layer portion
of the film) is heated by the high-frequency hardening
device 203 over a preset amount of time, as shown in
FIG. 16(b) (heating step). This heating time is preferably
about 3 to 5 seconds. The heating time may also be long-
er than this. The heating temperature is preferably about
400°C.

[0123] Afterthe first magnetostrictive film 171 is cooled
to a lower temperature than the temperature to which it
was heated, the twisting of the first and second jigs 201
and 202 stops and the torque is canceled, as shown in
FIG. 16(c) (external force canceling step).

[0124] During the heating step, the first magnetostric-
tive film 171 can be sufficiently cooled merely by the ex-
ternal temperature if the time of heating the first magne-
tostrictive film 171 by means of high-frequency hardening
is set to about 3 to 5 seconds. Since the heating temper-
ature of the first magnetostrictive film 171 is about 400°C,
the first magnetostrictive film 171 can be cooled to a tem-
perature equal to or less than 400°C.

[0125] Next, the high-frequency hardening device 203
is set on the second magnetostrictive film 172, as shown
in FIG. 16(d).

[0126] Next,the secondjig 202 istwisted counterclock-
wise R2 in the diagram, and the first jig 201 is twisted
clockwise R1 in the diagram in the opposite direction of
the second jig 202. These directions are opposite from
the previous case. Thus, a preset reverse torque is ap-
plied to the solid shaft 162. The strength of this torque is
preferably 30 to 100 Nm. The torque may also be greater
than this.

[0127] Since the hollow shaft 161 is configured so that
its rotation relative to the solid shaft 162 is regulated, the
preset reverse torque can also be applied to the hollow
shaft 161 (external force application step). As a result,
reverse torque is also applied to the second magneto-
strictive film 172.

[0128] Next, while the first and second jigs 201 and
202 are used to apply torque, the second magnetostric-
tive film 172 (particularly the surface and surface layer
portion of the film) is heated by the high-frequency hard-
ening device 203 over a preset amount of time, as shown
in FIG. 16(d) (heating step). This heating time is prefer-
ably about 3 to 5 seconds. The heating time may also be
longer than this. The heating temperature is preferably
about 400°C.

[0129] Next, after the second magnetostrictive film 172
is cooled to a lower temperature than the temperature to
which it was heated, the twisting of the first and second
jigs 201 and 202 stops and the torque is canceled, as
shown in FIG. 16(e) (external force canceling step).
[0130] During the heating step, the second magneto-
strictive film 172 can be sufficiently cooled merely by the
external temperature if the time of heating the second
magnetostrictive film 172 by means of high-frequency
hardening is set to about 3 to 5 seconds. Since the heat-
ing temperature of the second magnetostrictive film 172
is about 400°C, the second magnetostrictive film 172 can
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be cooled to a temperature equal to or less than 400°C.
[0131] As a result, the magnetostriction directions of
the first and second magnetostrictive films 171 and 172
canreliably and easily be oriented in the direction in which
torque is applied.

[0132] Thus, according to this manufacturing method,
first, the solid shaft (operating shaft) 162 is pressed into
the hollow shaft 161 that has the magnetostrictive films
171 and 172 formed on the external peripheral surface,
and the two shafts are linked together, thereby yielding
the torque transmission shaft 124. Strain is created in
the magnetostrictive films 171 and 172 as a result of the
press-fitting and linking, and this strain remains un-
changed therein.

[0133] In this manufacturing method, the magneto-
strictive films 171 and 172 are heat-treated over a preset
amount of time while preset torque is applied to at least
one of the solid shaft 162 and hollow shaft 161. After the
heat treatment is complete, the magnetostrictive films
171 and 172 are cooled to a lower temperature than the
temperature at which they were heated, and the torque
applied to at least one of the solid shaft 162 and hollow
shaft 161 is canceled.

[0134] Thus, the magnetostrictive films 171 and 172
can be heat-treated for a specific amount of time while
subjected to torque, causing the magnetostrictive films
171 and 172 to creep. The term "creep" refers to a phe-
nomenon in which the strain in the material increases
over time when the material is heated at a constant tem-
perature under a constant load (including torque).
[0135] Specifically, the creep resulting from heat-treat-
ing the magnetostrictive films 171 and 172 can be used
to efficiently reduce or eliminate the strain remaining in
the magnetostrictive films 171 and 172. Moreover, it is
possible to use the creep to newly generate permanent
strain in the magnetostrictive films 171 and 172, by heat-
treating the magnetostrictive films 171 and 172 while ap-
plying torque. As a result, the magnetostriction directions
of the magnetostrictive films 171 and 172 can reliably
and easily be oriented in the direction in which torque is
applied. In other words, the first magnetostrictive film 171
and the second magnetostrictive film 172 can be provid-
ed with magnetostrictive anisotropy.

[0136] Next, after the second heat treatment, multiturn
coils are disposed at positions corresponding to the mag-
netostrictive films 171 and 172, and the same detection
circuit as the detection circuit shown in FIG. 9 is connect-
ed. The torque transmission shaft 124 is installed in the
gearbox. A gain adjuster provided to the detection circuit
adjusts the gain. The gain setting device described in
relation to the first embodiment and shown in FIG. 10 is
used for this gain adjustment in the same manner as in
the first embodiment.

[0137] In the embodiments of the present invention,
the structure for linking the hollow shaft 161 and the solid
shaft 162 is not limited to the pins 167, and the shafts
may also be linked by press-fitting or by screws.

[0138] The configurations, shapes, sizes, and ar-
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rangement relationships described in the above exam-
ples are merely schematic depictions that allow the
present invention to be understood and implemented,
and the numerical values and constitutions (materials)
of the configurations are merely examples. The present
invention is therefore not limited to the described exam-
ples, anditis possible to make various modifications that
do not deviate from the scope of the technological ideas
presented in the claims.

[0139] A method for manufacturing a magnetostrictive
torque sensor device includes the steps of providing a
steering shaft 12b or another such rotating shaft with two
magnetostrictive parts 20u, 20d endowed with magnetic
anisotropy; disposing detection coils 20r, 20r’, 20s, 20s’
around the magnetostrictive parts to detect changes in
magnetostrictive characteristics of the magnetostrictive
parts; providing a detection circuit 20x for bringing out
detection signals from signals outputted from the detec-
tion coils; and adjusting a gain of a gain adjuster included
in the detection circuit.

Claims

1. A method for manufacturing a magnetostrictive
torque sensor device, comprising the steps of

providing a rotating shaft (12) with magnetostric-
tive parts (20u, 20d) endowed with magnetic an-
isotropy;

disposing detection coils (20r, 20r’, 20s, 20s’)
around the magnetostrictive parts (20u, 20d) to
detect changes in magnetostrictive characteris-
tics of the magnetostrictive parts (20u, 20d);
providing a detection circuit (20x) for bringing
out detection signals from signals outputted
from the detection coils; and

adjusting a gain of a gain adjuster (67) included
in the detection circuit.

2. The method of claim 1, wherein the step of providing
the magnetostrictive parts (20u, 20d) with magnetic
anisotropy comprises the steps of:

heating the rotating shaft (12) while specific
twisting torque is applied to the rotating shaft;
and

providing the magnetostrictive parts with mag-
netic anisotropy by canceling the twisting
torque.

3. The method of claim 1 or 2, wherein the gain adjust-
ment step adjusts the gain of the gain adjuster by
means of a gain setting signal provided from outside.

4. The method of claim 1, wherein the rotating shaft
(12b) comprises a steering shaft.
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5.

An electric power steering apparatus comprising: a
motor (18) for providing a steering system with aux-
iliary torque; a steering torque sensor (20) for sens-
ing the steering torque of the steering system; and
control means (22) for drivably controlling the motor
on the basis of at least a steering torque signal out-
putted from the steering torque sensor,

wherein the steering torque sensor comprises a
magnetostrictive torque sensor device manufac-
tured by means of a manufacturing method which
comprises the steps of: providing a steering shaft
(12b) with magnetostrictive parts (20u, 20d) en-
dowed with magnetic anisotropy; disposing detec-
tion coils (20r, 20r, 20s, 20s’) around the magneto-
strictive parts to detect changes in magnetostrictive
characteristics of the magnetostrictive parts; provid-
ing a detection circuit (20x) for bringing out detection
signals from signals outputted from the detection
coils; and adjusting a gain of a gain adjuster (67)
included in the detection circuit.

The electric power steering apparatus of claim 5,
wherein the step for providing the magnetostrictive
parts with magnetic anisotropy comprises the steps
of: heating the steering shaft while specific twisting
torque is applied to the steering shaft;and providing
the magnetostrictive parts with magnetic anisotropy
by canceling the twisting torque.

The electric power steering apparatus of claim 5 or
6, wherein the gain adjustment step (S21) adjusts
the gain of the gain adjuster by means of gain setting
means for electrically setting the gain.
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